Abstract Mammalian cardiomyocytes withdraw from the cell cycle soon after birth. This process is called terminal differentiation. The c-kit, a receptor tyrosine kinase, is expressed on cardiomyocytes immediately after birth but for only a few days. In mice with genetic c-kit dysfunction, adult cardiomyocytes are phenotypically indistinguishable from those of wild type mice, except that they are capable of proliferation in vivo after acute pressure overload. This review explores the idea that postnatal cardiomyocyte differentiation and cell cycle withdrawal are distinct processes and that terminal differentiation may not simply be due to altered expression of genes that regulate the cell cycle but could involve c-kit induced epigenetic change.
Introduction
Mammalian cardiomyocytes undergo developmental changes required for the differentiated adult phenotype. These include downregulation of several fetal genes and upregulation of genes responsible for the adult phenotype. Some of these changes regulate structural differentiation of cardiomyocytes for better adaptation of the heart to the increased systolic load experienced after birth. These involve the altered expression of genes, causing a switch in the isoforms or types of several proteins involved in cardiac structure and contractility such as the replacement of skeletal actin and b-myosin heavy chain in the fetal heart with cardiac actin and a-myosin heavy chain (note, in humans compared with rodents, the opposite switch occurs after birth, namely, b-myosin heavy chain replaces a-myosin heavy chain), respectively, in the adult heart [7, 14, 27] . As a result of these changes, sarcomeric organization becomes more developed and compact in the early neonatal stage.
These important aspects of cardiomyocyte differentiation have been the subject of several reviews and thus will not be discussed in this report [2, 5, 23] . Concomitant with this differentiation, cardiomyocytes withdraw from the cell cycle (also known as terminal differentiation). Several studies suggest that cell cycle withdrawal is produced by downregulation of cell cycle entry genes, such as cyclins, and upregulation of cell cycle inhibitors, such as p27Kip [19] . In cardiomyocytes, progressive differentiation increases complexity in the structural organization of myofibrils [4, 9] . If this complexity physically hinders cytokinesis, as suggested, for example, by Ahuja et al. [1] , then differentiation could help to reinforce cell cycle withdrawal during early postnatal life.
Mouse fetal cardiomyocytes readily divide in vivo and in vitro. In the initial hours to days after birth, mouse cardiomyocytes maintain their ability to re-enter the cell cycle, displaying DNA synthesis, as evidenced, for example, by [ 3 H]thymidine-or BrdU-labeling of nuclei and karyokinesis (nuclear division). However, they can no longer undergo cell division (cytokinesis). As a result of this continued karyokinesis in the absence of cytokinesis, cardiomyocytes rapidly shift from being mononucleated to most of them ([80%) being binucleated.
After the first week of neonatal life, even cell cycle reentry ceases, although in response to certain physiologic stresses, such as left ventricular hypertrophy, low levels of DNA synthesis have been observed even in adult cardiomyocytes [19] . Nevertheless, mitotic figures and definitive evidence of cytokinesis (i.e., the presence of a well-defined cleavage furrow) are very rarely, if ever, observed. The absence of mitosis and cytokinesis is permanent as well as the discerning phenotypic properties of the adult differentiated mammalian cardiomyocyte that identify them as terminally differentiated. Moreover, they explain why the response of the adult mammalian heart to increased systolic load is limited to hypertrophic growth of cardiomyocytes. Although this increases muscle mass and helps to restore cardiac performance, it is nonetheless maladaptive [6] .
Why mammalian cardiomyocytes undergo terminal differentiation soon after birth whereas those of other species such as newts and teleost fish maintain regenerative competence is unclear [17, 22] . Recently, we found that, surprisingly, mice with inactivation of c-kit signaling show a hyperplastic response to pressure overload. This allowed us to then identify c-kit as a developmental cue that causes postnatal terminal differentiation in mouse cardiomyocytes in vivo. In this review we explore the implications of cardiomyocyte terminal differentiation, using the signaling inactive c-kit mouse as a model, in which the adult state is characterized by nonterminally differentiated cardiomyocytes.
Characteristics of Terminal Differentiation in Adult Cardiomyocytes
Terminal differentiation of mammalian cardiomyocytes appears to activate various cell cycle checkpoints so that even if there is a stimulus to divide, cell division is prevented. Checkpoints G1/S and G2/M stop cell cycle reentry and progression to the M phase. Karyokinesis is required for successful completion of the M phase. In the absence of karyokinesis, nuclear accumulation of duplicated chromosomes results in increased ploidy, and karyokinesis without cytokinesis results in multinucleation. Ploidy and multinucleation, as observed in adult mammalian cardiomyocytes [8, [24] [25] [26] , are collectively termed endoreduplication. This indicates that mammals have evolved a multilayered mechanism to prevent cytokinesis in adult cardiomyocytes. The evolutionary pressures that lead to the acquisition of these checkpoints are unknown.
In contrast, cardiomyocytes in certain lower vertebrates such as urodele amphibians and teleost are differentiated but not terminally differentiated. In these species, cardiomyocytes retain the potential to proliferate in response to injury. Could terminal differentiation have evolved to check excessive heart growth leading to tumors? This seems unlikely because mammalian fetal cardiomyocytes divide readily with little propensity to tumor formation.
Furthermore, no evidence of excess tumor formation exists in those amphibian hearts composed of nonterminally differentiated cardiomyocytes. Of course, from a clinical viewpoint the acquisition of terminal differentiation by mammalian cardiomyocytes is an extremely undesirable trait because it contributes in a major way to the development of heart failure in patients who have lost a substantive number of cardiomyocytes due to myocardial infarction.
To define the developmental cues that may lead to terminal differentiation, we focused our attention on the c-kit. We found that the c-kit, the receptor for stem cell factor, is not expressed in fetal cardiomyocytes until half-a-day after birth (Fig. 1) . Thereafter, its expression is transient, waning after only a few days, coincident with the onset of their terminal differentiation [11] . Indeed, this close temporal relationship between these two responses led us to hypothesize that the c-kit may be the developmental cue for cardiomyocyte terminal differentiation.
Role of the c-Kit in Cardiomyocyte Terminal Differentiation
The c-kit is a type 3 transmembrane receptor tyrosine kinase activated by stem cell factor-induced binding and N-T N-terminal; LB ligand binding; DS dimer stabilization; CS cleavage site; TM transmembrane; JM juxtamembrane; TK1 tyrosine kinase domain 1, also known as the proximal kinase domain; KI kinase insert; TK2 tyrosine kinase domain 2 or distal kinase domain; C-T c-terminal domain. Furthermore, after stem cell factor-induced homodimerization, all the tyrosine residues that are phosphorylated and the adaptor proteins that bind to these phosphorylated tyrosine residues also are represented homodimerization. This results in the transphosphorylation of two tyrosines (Y568 and Y570) in the juxtamembranous region [10, 12, 13] . As a consequence, a large conformational change in the activation loop from a compact structure to an extended structure abolishes the autoinhibitory role of the juxtamembrane domain on the c-kit kinase activity. Transphosphorylation of Y823 in the activation loop further stabilizes the receptor in its active form [13] .
The tyrosine kinase activity of the c-kit also leads to autophosphorylation of other tyrosine residues in the cytoplasmic domain of the receptor. This alters the conformation of this domain to expose phosphorylated tyrosine residues that are targets for binding of the Src homology 2 domain containing proteins (Fig. 2) . The phosphorylation and interaction of these proteins including phosphoinositide 3 0 -kinase, phospholipase Cc, the Src family of tyrosine kinases, Janus kinase/signal transducers and activators of transcription, and p21 ras GTP-activating protein/mitogenactivated protein kinase are important features of c-kit signaling (Fig. 3) . These signaling pathways regulate multiple organismal and cellular processes such as fertility, skin pigmentation, stem cell mobilization, and cellular differentiation, which are evident by characteristic phenotypic changes that result from germ line loss-of-function mutations in the c-kit [15, 16] .
We chose the compound heterozygous c-kit W/W v lossof-function mouse model for study the c-kit role in cardiomyocytes terminal differentiation [11] . Biochemical and phenotypic changes associated with the W and W v mutations in the c-kit have been reported by Nocka et al. [15, 16] . Despite defective c-kit signaling, cardiomyocytes from adult W/W v mice are phenotypically indistinguishable from those of wild type (WT) hearts. Both WT and W/W v mice have similar mean proximal aortic blood pressures, left ventricles in terms of weight (left ventricle-to-body weight ratio) and morphology (LV wall thickness-to-diameter ratio), and isovolemic (±dP/dtmax) and ejection-phase function (ratecorrected velocity of circumferential shortening). In addition, the left ventricle (LV) cardiomyocytes of adult animals of both genotypes are similar in cross-sectional area, and both are predominantly binucleated.
Thus, under basal conditions, there appears to be no overt phenotypic difference between W/W v and WT cardiomyocytes. Pressure overload (PO), produced by Fig. 3 Schematic representation of the signal transduction pathways originating from intracellular phosphorylated tyrosine residues of the c-kit. Activation of these pathways is shown to be involved in cell survival, proliferation, differentiation, and ubiquitination. All these signaling molecules are individually explained in the text suprarenal aortic constriction, resulted in similar LV growth in WT and W/W v mice. In W/W v mice, this LV growth was due to cardiomyocyte hyperplasia, which caused an approximate 34% increase in the number of cardiomyocytes after just 7 days of PO, whereas in the WT mice, LV growth was limited exclusively to cardiomyocyte hypertrophy [11] . Cytochemical evaluation indicated an absence of endoreduplication in W/W v LVs subjected to PO. Furthermore there was no evidence of cardiomyocyte apoptosis in W/W v LVs subjected to PO (Li, Naqvi, Yahiro, Husain, unpublished observation).
These findings suggest that all cell cycle checkpoints that normally prevent hypertrophy-induced cardiomyocyte proliferation are disabled during PO-induced hyperplastic growth of the W/W v heart. Importantly, the cardiomyocyte hyperplastic response to PO in W/W v suprarenal aortic constriction LVs appeared to be linked to improved LV contractility and survival [11] .
Morphometric, immunohistochemical, and immunocytochemical analysis indicated no difference in W/W v cardiomyocyte size or sarcomeric organization relative to that of WT cardiomyocytes. Although fully capable of It is thought that proliferation of differentiated cardiomyocytes requires dedifferentiation to the fetal phenotype [5, 23] . Our findings, however, do not support this view, given that gene expression profiling of cardiomyocytes from WT and W/W v LVs subjected to 7 days of PO showed that more than 150 genes were differentially expressed [11] . The upregulated genes were required mainly for transit through the G1/S and G2/M phases of the cell cycle and for karyokinesis and cytokinesis (Table 1) . However, the expression of fetal genes such as b-myosin heavy chain, skeletal actin, and atrial natriuretic factor was unchanged. Furthermore, proliferating W/W v LV cardiomyocytes subjected to PO had a well-defined sarcomeric organization such as that found in WT adult cardiomyocytes. Indeed, lack of a disorganized sarcomeric structure in these proliferating cardiomyocytes is congruent with the finding that PO does not diminish systolic function in W/W v LVs subjected to PO. Rather, LV systolic function of hyperplastic W/W v hearts was found to be robust. Importantly, the hyperplastic LV response in W/W v mice subjected to PO appears to be a direct effect of c-kit dysfunction because cardiomyocyte proliferation also was observed with PO in animals who had cardiomyocyte-restricted inhibition of ckit induced by transgenic overexpression of a dominantnegative c-kit mutant.
These findings demonstrate a vital role for the c-kit in cardiomyocyte terminal differentiation. The absence of dysregulated cell cycle gene expression in the unstressed W/W v LV relative to its WT control could suggest that the decrease in cell cycle protein levels or an increase of their inhibitors in cardiomyocytes after birth is not the cause of terminal differentiation. Indeed, the phenotype of mice in which cell cycle proteins are overexpressed or cell cycle inhibitors are suppressed in postnatal cardiomyocytes is markedly different from that seen in adult W/W v hearts. For example, p27 null mice display an extra round of cardiomyocyte division in the early postnatal period leading to an enlarged heart even in the absence of PO [21] . Overexpression of cyclins also leads to an enlarged heart phenotype with increased endoreduplication [3, 18, 26] . Endoreduplication and an increase in cyclins also are seen in WT rat cardiomyocytes subjected to PO [20] .
How the c-kit produces terminal differentiation remains unknown, although the paucity of differentially expressed genes in unstressed W/W v compared with WT LV cardiomyocytes suggests that an epigenetic mechanism may be operative. This could result in placement of a permanent methylation mark on regulatory sequences of genes required for cell cycle reentry, mitosis, and cytokinesis. As a consequence, basal cell cycle gene expression would not necessarily be altered between WT and W/W v LV cardiomyocytes, but still could be induced to increase in W/W v LV cardiomyocytes in response to PO, an effect resulting in hyperplasia. In trying to achieve efficient cardiac regeneration, therefore, the key to successful cardiomyocyte cytokinesis without G2/M phase arrest, mitosis without cytokinesis, or cytokinesis with induction of apoptosis may be the simultaneous removal of multiple cell cycle checkpoints rather than an increase in the levels of a single cell cycle regulator without disablement of the many checkpoints involved in maintaining cardiomyocyte terminal differentiation.
